Congenital anomalies of the kidney and urinary tract are the major cause of ESRD in childhood. Children with a solitary functioning kidney form an important subgroup of congenital anomalies of the kidney and urinary tract patients, and a significant fraction of these children is at risk for progression to CKD. However, challenges remain in distinguishing patients with a high risk for disease progression from those patients without a high risk of disease progression. Although it is hypothesized that glomerular hyperfiltration in the lowered number of nephrons underlies the impaired renal prognosis in the solitary functioning kidney, the high proportion of ipsilateral congenital anomalies of the kidney and urinary tract in these patients may further influence clinical outcome. Pathogenic genetic and environmental factors in renal development have increasingly been identified and may play a crucial role in establishing a correct diagnosis and prognosis for these patients. With fetal ultrasound now enabling prenatal identification of individuals with a solitary functioning kidney, an early evaluation of risk factors for renal injury would allow for differentiation between patients with and without an increased risk for CKD. This review describes the underlying causes and consequences of the solitary functioning kidney from childhood together with its clinical implications. Finally, guidelines for follow-up of solitary functioning kidney patients are recommended.
Introduction
Congenital anomalies of the kidney and urinary tract (CAKUT) are the predominant cause of ESRD in childhood (1) . One important condition in the spectrum of CAKUT is the solitary functioning kidney, which can be congenital or acquired after unilateral nephrectomy in childhood. Although both types of solitary functioning kidney are associated with CKD and ESRD (2) , early differentiation between patients with and without an increased risk for CKD is challenging (3) . Because of the implementation of routine fetal ultrasound screening in most developed countries, patients with a solitary functioning kidney are increasingly identified before birth. This identification not only implies that clinicians will be more often confronted with questions regarding the prognosis of this specific condition, but also that these children can be clinically monitored from birth onward. In this review, we consider causes and consequences of the solitary functioning kidney from childhood. We will specifically focus on the diagnostic and prognostic implications for patients with a solitary functioning kidney.
Causes Renal Development
Definitive human renal development is initiated at the fifth gestational week and characterized by complex interactions between the outgrowing ureteric bud (UB) of the mesonephric duct (from which the renal pelvis, ureter, and lower urinary tract originate) and the metanephric mesenchyme (MM; from which the renal parenchyma originates) (4) . As a result, nephrons are formed until the 34th to 36th gestational week, without the possibility of additional nephron formation later in life (5) . This finding implies that the total of number of nephrons at birth, approximately 900,000 nephrons per kidney with a high interindividual variability (6) , should last the entire lifespan of an individual.
Failure of interaction between the MM and the UB perturbs normal renal development, resulting in different forms of CAKUT (7) . Bilateral absence of functioning renal tissue is considered lethal based on the associated pulmonary hypoplasia (Potter sequence). Unilateral renal agenesis (URA), which defines unilateral nonformation of the kidney, has an estimated worldwide incidence of 1 in ;2000 births (8) . Because differentiation from renal aplasia cannot be made in daily clinical practice, URA is generally used as a term for either clinical entity, although a study has suggested that renal aplasia may be the leading cause of a congenital solitary kidney (1 in ;1300 births) (9) . URA should be differentiated from abnormal or incomplete renal development, which leads to renal hypodysplasia or a nonfunctioning kidney, which can be seen in multicystic dysplastic kidney (MCDK; worldwide incidence of 1 in ;4300 births) (10) . However, it must be noted that the diagnosis URA could derive from the spontaneous (prenatal) involution of MCDK or renal hypodysplasia (8) . It is estimated that about 5% of MCDKs show complete involution before birth (10) .
In the case of URA or MCDK, the solitary functioning kidney is congenital. However, a solitary functioning kidney can also be acquired after nephrectomy because of various renal diseases, such as CAKUT (e.g., pelviureteric junction obstruction [PUJO] , vesicoureteric reflux [VUR], megaureter, and duplex kidney) (11) . Renal malignancies, trauma, or renovascular disease may also underlie a solitary functioning kidney, but these causes are outside the scope of this review.
Ipsilateral CAKUT
CAKUT are phenotypically variable and may affect several segments of the urinary tract simultaneously (12) . The high proportion of ipsilateral CAKUT (i.e., renal malformations on the side of the solitary functioning kidney) in solitary functioning kidney patients is a clear illustration of this phenomenon. Based on two systematic reviews and meta-analyses of the literature describing over 2000 patients with URA and MCDK (8, 10) , nearly one in three patients has ipsilateral CAKUT, including VUR, PUJO, a megaureter, or a duplex kidney. Although the prevalence of ipsilateral CAKUT in patients with an acquired solitary functioning kidney has not yet been established, a large cohort study suggests even higher proportions (13) .
Genetic Factors
Normal kidney and urinary tract development requires a temporally and spatially coordinated interaction between the UB and the MM (14) . Different molecules expressed in either or both of these compartments have been identified through gene targeting in mice (15) . As a result, any insult (genetic or environmental) that disrupts this reciprocal induction can lead to different forms of CAKUT. In fact, this strict cross-talk between the UB and the MM provides the rationale for the pleiotropic effect that genetic mutations or environmental factors can have on the determination of different forms of CAKUT. There is a bulk of evidence that implicates genetic factors in the pathogenesis of the CAKUT phenotypes underlying a solitary functioning kidney. Familial aggregation has been reported in about 10% of cases (more frequently with an autosomal dominant mode of inheritance with incomplete penetrance), but recessive and Xlinked families have been reported as well (12) . With the exception of rare syndromic forms of CAKUT, the mutations underlying these familial forms are largely unknown (12) . The three genes most commonly implicated in nonsyndromic forms of CAKUT are PAX2 (encoding for a nuclear transcription factor involved in early nephrogenesis), HNF1B (encoding for a transcription factor originally implicated in the renal cysts and diabetes syndrome [Online Mendelian Inheritance in Man 137920]), and DSTYK (encoding for a dual specificity serine/threonine and tyrosine kinase; recently identified as a positive regulator of fibroblast growth factor signaling during kidney development) (16) . However, many other genes have been implicated in CAKUT phenotypes underlying a solitary functioning kidney (Table 1) . Heterozygous mutations in all these genes, nevertheless, account for, at most, 10%-20% of patients with kidney malformations (17, 18) .
CAKUT are among the most common birth defects in humans (1 in ;600 births) (19) , and present in over 20% of newborns with chromosomal abnormalities (20) , indicating that kidney development is particularly sensitive to gene dosage. Consistently, in a recent study on 522 children with renal hypodysplasia (including solitary functioning kidney), we identified 72 different copy number disorders in 87 patients (;17%), implicating rare, submicroscopic deletions and duplications that disrupt coding elements as a major cause of renal hypodysplasia and confirming the extreme genetic heterogeneity of this disease (21) .
Environmental Factors
Environmental factors that disturb renal development include medications administered during pregnancy (e.g., angiotensin-converting enzyme [ACE] inhibition, dexamethasone, antiepileptic drugs, and aminoglycosides) (22) , intrauterine growth restriction, and maternal diseases, such as diabetes (23) . Moreover, drug administration in the prematurely born neonate with a solitary functioning kidney can have detrimental effects on nephrogenesis and GFR, especially when administered before the 28th gestational week (5) . The most commonly used drugs that disturb nephrogenesis are aminoglycosides and nonsteroidal anti-inflammatory drugs (22) . Finally, observational studies report a boy predominance in solitary functioning kidney patients, as well as a left-side predominance (24) . The reasons for these differences are not fully understood. Future studies are needed to clarify the exact mechanisms of renal (mal)development and the factors leading to a solitary functioning kidney.
Consequences Hyperfiltration Hypothesis
The clinical importance of a reduced nephron number has been described in the hyperfiltration hypothesis by Brenner and coworkers (25, 26) more than three decades ago. Based on experiments in rats with five sixths renal mass reduction, these landmark studies showed that a reduced functional nephron number results in compensatory glomerular hypertension and enlargement of remnant nephrons, indicating glomerular hyperfiltration (25, 26) . Glomerular hyperfiltration may lead to glomerulosclerosis and sets a vicious cycle of additional reduction in nephron number ( Figure 1 ). As a consequence, the nephrectomized animals showed high incidences of hypertension and proteinuria in the early stages and an ongoing decline in GFR in the long run (25) .
Individuals with a solitary functioning kidney from childhood have, by definition, a reduction in renal mass for a prolonged period of time and may, therefore, be at risk for hyperfiltration injury (Figure 1 ). Animal studies confirmed that a compensatory increase in nephron number is present in congenital solitary functioning kidney (27, 28) . Nevertheless, the total nephron number identified is still lower than in two kidney controls (Table 2 ). Compensatory renal hypertrophy of the solitary kidney can be identified in utero in 90% of individuals (29). This hypertrophy indicates renal adaptation to kidney mass reduction and may, therefore, be beneficial at birth. However, a prolonged increase in nephron and kidney size may lead to stretch-induced glomerular cell activation, fibrosis, and vasoconstriction, as well as tubular cell nephrotoxity (30) .
Keller et al. (31) provided indirect evidence of the glomerular hyperfiltration hypothesis in patients with primary hypertension; these patients had fewer nephrons and an increased glomerular volume compared with patients without hypertension (31) . Recently, another study showed that urinary albumin is weakly associated with markers of hyperfiltration in solitary functioning kidney Table 1 . Genes most commonly implicated in congenital anomalies of the kidney and urinary tract phenotypes leading to a solitary functioning kidney patients (32) , indicating that factors other than glomerular hyperfiltration likely contribute to the development of CKD.
Because the reduction in renal mass in solitary functioning kidney patients is smaller compared with the Brenner animal model, in vivo methods to determine nephron number are necessary to establish the direct association between glomerular numbers and the level of glomerular hyperfiltration in affected individuals. Some of these methods are in a promising developmental phase (33) , and when available, they will allow for the direct testing of the hyperfiltration hypothesis in humans.
Clinical Outcome
Human Studies. The long-term outcome of individuals with a solitary functioning kidney from childhood has been a topic of extensive debate (3) fueled by the conflicting results of observational studies (2,11,34-44) . All of these studies vary with respect to type of solitary functioning kidney studied, inclusion criteria (e.g., age at follow-up, age of diagnosis, and normal renal ultrasound), and methods to measure BP, proteinuria, and GFR. Furthermore, observational studies are susceptible to selection and ascertainment bias. The number of longitudinal prospective studies on the clinical outcome of solitary functioning kidney patients is limited because of the decades required for follow-up (45) . A longitudinal study on renal outcome in CAKUT showed that 20%-50% of solitary functioning kidney patients were on renal replacement therapy at the age of 30 years (2). Compared with a reference group, the risk for an impaired renal outcome was even higher when VUR was present (hazard ratio, 7.50; 95% confidence interval, 2.72 to 20.68). Results from another retrospective study on URA patients showed that 47% of individuals developed hypertension, 19% of individuals had proteinuria, 13% of individuals had an impaired GFR, and 4% of individuals died of renal failure (36) . Similar findings were identified in adults with an acquired solitary functioning kidney (37) . Gonzalez et al. (39) showed that obesity is associated with an increase in serum creatinine and the development of proteinuria in adults with a solitary functioning kidney. However, all of the above-mentioned studies describe a selected cohort of patients, which makes generalization of these findings to all patients with a solitary functioning kidney inappropriate. Unfortunately, individuals with a solitary functioning kidney and preserved renal function have traditionally not been followed into adulthood, and, therefore, the availability of long-term data on the clinical outcome in these patients is limited. In this regard, there is a cardinal need for long-term studies of individuals with a solitary functioning kidney with a prenatal diagnosis, because they represent the most unbiased group of patients. When available, these data will strongly assist nephrologists in differentiating patients at risk for CKD from those patients who are not at risk for CKD.
To prospectively study the prognosis of a solitary functioning kidney in childhood, we designed the KIdney of MONofunctional Origin (KIMONO) study (13) . This longitudinal follow-up study from The Netherlands includes over 400 children with both types of solitary functioning kidney. Study subjects were routinely screened for markers of renal injury, which were defined as hypertension, (micro)albuminuria, and/or decline of GFR. The use of antihypertensive and antiproteinuric medication during follow-up was monitored. Recent analyses showed that nearly one in three patients with a solitary functioning kidney has signs of renal injury at a mean age of 10 years (11). Furthermore, we showed that GFR in these patients slowly declines from as early as 9 years of age, whereas (micro)albuminuria generally develops around 16 years of age. The median age to develop renal injury in children with either type of solitary functioning kidney was ;15 years (13). Patients with ipsilateral CAKUT (encompassing 34% of patients) showed higher proportions of renal injury and progressed earlier to renal injury than patients without CAKUT (12.8 versus 15.9 years, respectively; P,0.01) (10) . Finally, 6% of children already had CKD stage 3 or higher during follow-up (congenital 4% versus acquired 9%; P=0.05). Other studies that have included solitary functioning kidney patients with a normal renal ultrasound at diagnosis (suggesting absence of ipsilateral CAKUT) report a relatively mild renal outcome (34, 40, 42, 44) . Although the exact proportion of individuals with CKD needs to be determined, the increasing number of studies illustrates that a solitary functioning kidney should not be assumed to be harmless.
Differences between Solitary Functioning Kidney Types. Important differences in renal outcome may exist between congenital and acquired solitary functioning kidneys; the congenital type still has the potential to form new nephrons (Table 2) , whereas with the acquired type, nephrogenesis has ceased at the time of the nephrectomy. This finding may imply a higher susceptibility for pronounced glomerular hyperfiltration in acquired solitary functioning kidney patients. Abou Jaoudé et al. (35) reported a lower GFR in children with an acquired solitary functioning kidney than children with a congenital solitary functioning kidney (mean GFR: 95 versus 107 ml/min per 1.73 m 2 , respectively). Nevertheless, differences between types are generally small and may also be explained by the older age in children with an acquired solitary functioning kidney (13) . It must be noted that many of the underlying causes (e.g., CAKUT) leading to an acquired solitary functioning kidney in childhood are already present before birth, whereas some patients with a congenital solitary functioning kidney have hypodysplasia of the remnant kidney. Renal compensation in nephron number, therefore, seems to be strongly overlapping between both types of solitary functioning kidneys. Large longitudinal follow-up studies are needed to differentiate the clinical outcome between solitary functioning kidney types.
Differences with Uninephric Kidney Donors. In daily clinical practice, the outcome of patients with a solitary functioning kidney is often derived from the excellent prognosis described in adult uninephric kidney donors (46) . However, there are important differences between uninephric kidney donors and patients with a solitary functioning kidney that make such a comparison inadequate.
Larsson et al. (47) showed that the level of glomerular hyperfiltration in rats is doubled when renal mass reduction is performed during active nephrogenesis compared with later in life. Similar findings have been identified in a study with rabbits (48) . Furthermore, healthy uninephric kidney donors undergo stringent screening to ensure that a healthy kidney will remain, whereas children with a solitary functioning kidney frequently show additional anomalies and may have hypodysplasia of the solitary functioning kidney (8, 10) . This finding is further underlined by the fact that not all children with a solitary functioning kidney have renal compensatory hypertrophy (11) . On the basis of the above-mentioned differences between uninephric kidney donors and patients with a solitary functioning kidney, it is not justified to aggregate conclusions on outcome in both groups.
Clinical Implications
Subsequent to the ongoing debate on the clinical outcome of patients with a solitary functioning kidney from childhood, guidelines for the follow-up of these patients have not been established. However, the need for regular clinical follow-up in these patients is increasingly recognized (11, 45, 49) .
Based on findings of the KIMONO study (13), a differentiation between patients with and without a high risk for CKD should be made at diagnosis. This evaluation should focus on identified risk factors, such as ipsilateral CAKUT, small renal size, low birth weight, prematurity, and history of urinary tract infection. In addition, the Chronic Kidney Disease in Children cohort study has identified clinical (anemia, hyperphospatemia, and short stature) (50) and socioeconomic (lower income and lower maternal education) (51) risk factors that are associated with the development of CKD in children, including solitary functioning kidney patients. Risk assessment also requires imaging techniques, such as renal ultrasound, in all patients and on indication, renal scintigraphy and/or a micturating cystourethrogram (for additional CAKUT including VUR) together with repeated follow-up of renal length. If imaging studies identify associated CAKUT, such as high-grade VUR or PUJO, an endoscopic or surgical approach may be indicated. Finally, identification of genetic factors to establish a molecular diagnosis and screening for CAKUT in relatives may provide additional information on the clinical outcome.
Corbani et al. (45) suggest regular clinical follow-up for hypertension, (micro)albuminuria, and GFR every 3-5 years in a patient with a solitary functioning kidney without ipsilateral CAKUT. For patients with ipsilateral CAKUT, clinical follow-up should be conducted annually, and surgical correction of CAKUT must be performed when indicated.
On the basis of all available data, we present recommendations for the clinical monitoring of children with a solitary functioning kidney (Table 3) . Because we have a limited number of factors at hand in clinical practice, it is not yet feasible to provide an individualized risk assessment and follow-up scheme. However, we feel that the available data do not allow for exclusion of any group of children with a solitary functioning kidney for clinical monitoring. We have, therefore, suggested a follow-up based on two factors (i.e., the presence of ipsilateral CAKUT and the presence of [signs of] renal injury). Based on these factors, follow-up for all is proposed, with a differentiation in the frequency of follow-up. No unequivocal evidence exists for any follow-up frequency, which will, therefore, always result in an arbitrary proposal. However, because analyses of the Kaplan-Meier curves on renal injury in children with a solitary functioning kidney show that, each year, 64% of children additionally develop signs of renal injury (13), we feel that a yearly follow-up is justified. The proposed time intervals allow timely intervention, which mainly encompasses medications, such as ACE inhibitors or angiotensin II receptor blockers. ACE inhibitors have been shown to slow down disease progression in children with renal hypodysplasia (52) . Patients with a solitary functioning kidney who were diagnosed prenatally and do not show risk factors for CKD at diagnosis can be monitored less stringently. Clinicians should be specifically aware of the administration of medication that may cause AKI, such as nonsteroidal anti-inflammatory drugs and aminoglycosides. Limiting the use of drugs that disturb nephrogenesis is of particular importance in premature infants with a solitary functioning kidney.
The impact of early dietary management in infants with a solitary functioning kidney remains unclear. Rapid postnatal catch-up growth is associated with obesity in adulthood (53) , which, in turn, may deteriorate renal function in the solitary functioning kidney patient (39) . Additionally, studies by Brenner and coworkers (25, 26) showed that protein restriction has a protective effect on glomerular hyperfiltration in rats (26) . Interestingly, a combination of the Brenner hypothesis and the developmental origin of health and disease hypothesis has been proposed to cause the impaired renal outcome of very low birth weight infants (54) . One can, therefore, speculate that rapid catch-up growth in low birth weight infants with a solitary functioning kidney could negatively impact renal outcome and should be discouraged. Nevertheless, this relationship between postnatal feedings strategies and renal outcome needs additional investigation.
An impaired GFR is a relatively late phenomenon in children with a solitary functioning kidney, because the first signs of renal injury generally include hypertension and (micro)albuminuria (5) . Monitoring for renal injury in children with a solitary functioning kidney and a normal initial estimated GFR, therefore, should focus on BP and determination of (micro)albuminuria, which can both be done noninvasively. Ambulatory BP measurement to monitor for hypertension is the preferred method in children and adults (55) , whereas microalbuminuria should be measured in a first morning void (56) . GFR in children can be estimated by the commonly used Schwartz equation, which has been shown to be precise in children with a solitary functioning kidney (57) . The follow-up of children with a solitary functioning kidney, but without signs of renal injury, can be performed by the general pediatrician, whereas patients with renal injury and early CKD may require clinical visits by a pediatric nephrologist. Clinical visits by a pediatric nephrologist also apply to children with associated CAKUT. In the follow-up of children with a solitary functioning kidney and complex CAKUT, a multidisciplinary approach, involving general pediatricians, pediatric nephrologists, and pediatric urologists, is mandatory to optimize renal outcome, particularly when surgical intervention is necessary. Puberty seems to be a critical time in renal injury development (13) , when growth spurt and associated increases in metabolic demands may drive glomerular hyperfiltration to maintain normal GFR. Other explanations for the increase in renal injury may be found in sex hormones that could affect renal outcome (58) . After this critical time period, there is a strong need for appropriate transition of care from a pediatric to an adult nephrology setting. Ineffective transition to adult care and loss to follow-up may increase the risk for CKD in adults with a solitary functioning kidney (49) . Because CKD can be relatively symptom-free until a late stage, we emphasize the need for clinical follow-up programs of adult solitary functioning kidney patients. During these regular clinical visits, it seems mandatory to also evaluate body mass index, because obesity is an additional risk factor for the development of CKD (39) .
Finally, we recognize that our recommendations are limited because of the lack of consensus for long-term follow-up and the fact that longitudinal data on the clinical outcomes of individuals with a solitary functioning kidney are absent. However, we feel that these recommendations can support pediatric and adult nephrologists in the monitoring of this specific patient group.
Conclusion
A solitary functioning kidney from childhood implies a substantial risk for hypertension, proteinuria, and progression to CKD, a statement that is supported by a well defined hypothesis, animal studies, and retrospective and longitudinal human studies. Possible explanations for this increased risk for renal injury are glomerular hyperfiltration and impaired renal development caused by genetic and/or environmental factors.
Although not yet widely established, regular clinical monitoring of these patients is necessary and requires a multidisciplinary approach. In these clinical visits, it is important to differentiate between patients with and without a high risk for CKD. Future genetic studies and the development of new techniques to determine nephron number will further contribute to making this differentiation, optimizing the clinical approach for all solitary functioning kidney patients.
